ABBREVIATIONS AVI = arteriovenous index; BFV = blood flow velocity; CBF = cerebral blood flow; DSA = digital subtraction angiography; ICA = internal carotid artery; ICP = intracranial pressure; MCA = middle cerebral artery; NPV = negative predictive value; PPV = positive predictive value; PSV = peak systolic velocity; ROC = receiver operating characteristic; SAH = subarachnoid hemorrhage; TCCS = transcranial color-coded duplex sonography; TCD = transcranial Doppler; V mean = mean time-averaged maximum BFV. OBJECTIVE Transcranial color-coded duplex sonography (TCCS) is a reliable tool that is used to assess vasospasm in the M 1 segment of the middle cerebral artery (MCA) after subarachnoid hemorrhage (SAH). A distinct increase in blood flow velocity (BFV) is the principal criterion for vasospasm. The MCA/internal carotid artery (ICA) index (Lindegaard Index) is also widely used to distinguish between vasospasm and cerebral hyperperfusion. However, extracranial ultrasonography assessment of the neck vessels might be difficult in an intensive care unit. Therefore, the authors evaluated whether the relationship of intracranial arterial to venous BFV might indicate vasospasm with similar or even better accuracy. METHODS Patients who presented between 2008 and 2015 with aneurysmal SAH were prospectively enrolled in the study. Digital subtraction angiography (DSA) and TCCS were performed within 24 hours of each other to assess vasospasm 8-10 days after SAH. The following different TCCS parameters were analyzed to assess vasospasm in the MCA and were compared with the gold-standard DSA parameters: 1) mean time-averaged maximum BFV (V mean ) of the MCA, 2) peak systolic velocity (PSV) of the MCA, 3) the Lindegaard Index using V mean as well as PSV, and 4) a new arteriovenous index (AVI) between the MCA and the basal vein of Rosenthal using V mean and PSV. The best cutoff values for these parameters to distinguish vasospasm from normal perfusion or hyperperfusion were calculated using receiver operating characteristic curve analysis. Sensitivity, specificity, positive predictive value, and negative predictive value as well as the overall accuracy for each cutoff value were analyzed. RESULTS A total of 102 patients (mean age 52 ± 12 years) were evaluated. Bilateral MCA assessment by TCCS was successful in all patients. In 6 cases (3%), the BFV of the basal vein of Rosenthal could not be analyzed. The AVI could not be calculated in 50 of 204 cases (25%) because the insonation quality was very low in one of the ICAs. An AVI > 10 for V mean and an AVI > 12 for systolic velocity provided the highest accuracies of 87% and 86%, respectively. Regarding the Lindegaard Index, the accuracy was highest using a threshold of > 3 for the mean BFV (84%) as well as systolic BFV (80%). BFVs in the MCA of ≥ 120 cm/sec (V mean ) and ≥ 200 cm/sec (PSV) predicted vasospasm with accuracies of 84% and 83%, respectively. A combined analysis of the MCA BFV and the AVI led to a slight increase in specificity (V mean , 94%; PSV, 93%) and positive predictive value (V mean , 88%; PSV 86%) without further improvement in accuracy (V mean , 88%; PSV, 84%). CONCLUSIONS The intracranial AVI is a reliable parameter that can be used to assess vasospasm after SAH. Its reliability for differentiating vasospasm and hyperperfusion is slightly higher than that for the established Lindegaard Index, and this method has the additional advantage of a remarkably lower failure rate.
T ranscranial Doppler (TCD) ultrasonography and transcranial color-coded duplex sonography (TCCS) are both well-established methods to assess vasospasm in the acute phase after subarachnoid hemorrhage (SAH). 4 Digital subtraction angiography (DSA) is the gold standard for the detection and grading of vasospasm after SAH. Sensitivity and specificity of TCD ultrasonography techniques regarding vasospasm vary widely depending on the analyzed intracranial artery and the different diagnostic criteria. 6, 9, 10, 17, 20, 24, 25 The reliability of TCD ultrasonography in comparison with DSA is greatest in the M 1 segment of the middle cerebral artery (MCA), which is also the preferred artery to study. A very high specificity of 98% for vasospasm in the MCA was found when a mean time-averaged maximum blood flow velocity (BFV) (V mean ) of ≥ 200 cm/sec has been defined as the diagnostic criterion. However, this high cutoff value leads to poor sensitivity of 27%, indicating a high number of falsenegative results. 23 More commonly used is the threshold value of ≥ 120 cm/sec (V mean ) in the MCA, leading in the same study to a sensitivity of 88% and specificity of 72% obtained with TCD ultrasonography compared with DSA. However, the poor positive predictive value (PPV) of 55%, indicating numerous false-positive findings, suggests that increased BFV due to cerebral hyperperfusion might be a relevant differential diagnosis. Reliable data regarding the significance and the time course of hyperperfusion after SAH are scarce. A phase of relative hypoperfusion within the first 2 weeks followed by regional or global cerebral hyperperfusion was found using serial SPECT measurements. 2 An MCA/internal carotid artery (ICA) ratio of the MCA BFV to the ICA BFV (Lindegaard Index) was proposed for better discrimination between vasospasm and cerebral hyperperfusion using TCD ultrasonography.
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This index might be a useful tool, especially in patients with moderately increased BFV. During the last 2 decades, TCCS has also been used to show similar or even better diagnostic accuracy in the assessment of vasospasm. 6, 10, 14, 20 However, reliable calculation of the Lindegaard Index via duplex techniques such as TCCS might be difficult in the ICU setting. Restricted neck movements and central lines in the internal jugular vein can impede optimal placement of the linear array probe for accurate angle correction in the ICA.
Little is known about the venous hemodynamics in SAH patients. Intracranial venous BFV might reflect the cerebral blood flow (CBF) more reliably than the arterial BFV after SAH. 11 Furthermore, patients with SAH and vasospasm who showed a decrease in BFV in the basal vein of Rosenthal had a worse clinical outcome than patients with an increase in venous BFV. 11 Therefore, raised venous BFV might be an indicator of cerebral hyperperfusion.
Based on these findings, we aimed to investigate whether calculation of an intracranial arteriovenous index (AVI) between BFVs in the MCA and the basal vein of Rosenthal might improve the feasibility and accuracy of vasospasm assessment by TCCS in comparison with exclusive arterial BFV assessment or the Lindegaard Index.
Methods

Patient Population
Patients who presented between 2008 and 2015 with aneurysmal SAH, survived at least until Day 10, and were evaluated using both TCCS and DSA were prospectively enrolled in the study. Our institutional ethics committee provided full approval for the study. Diagnosis of SAH was based on cerebral CT scanning immediately after admission to our emergency department. DSA was performed within the first 24 hours to localize the ruptured aneurysm. Based on the localization and shape of the aneurysm, treatment was performed surgically or by endovascular intervention.
Ultrasound Examinations
All TCCS examinations were performed by the same experienced investigator (F.C.). Only patients with a sufficient transtemporal bone window for insonation of the MCA bilaterally were included. Using the transtemporal approach, serial TCCS measurements of the M 1 segment and the basal vein of Rosenthal were performed bilaterally in the midbrain plane in each patient according to standard criteria (2.5-MHz phase array probe; Power Vision 6000, Toshiba). 22 V mean and peak systolic velocity (PSV) were calculated in the MCA and basal vein of Rosenthal without angle correction by automatic or, in case of a weak Doppler spectrum, by manual tracing of the maximum frequency envelope of the waveform. The entire M 1 segment and the distal portion of the basal vein of Rosenthal running parallel to the P 2 segment of the posterior cerebral artery with a flow direction away from the probe were recorded with a 3-mm-wide sample volume ( Figs. 1 and 2 ). The highest detectable BFVs were used for further analysis. The anglecorrected V mean and PSV of the extracranial ICA were then assessed bilaterally using a 7.5-MHz linear-array transducer of the same duplex ultrasound machine. The ICA was insonated in a longitudinal plane distal to the carotid bulb. The Lindegaard Index was calculated bilaterally by using the V mean and PSV separately. Then, the AVI was calculated for both sides by using the V mean and PSV separately. All parameters (BFV of the MCA, and Lindegaard Index and AVI, both with V mean and PSV) were compared with the gold-standard DSA parameters.
Digital Subtraction Angiography
A second selective DSA study in both ICAs was routinely performed in all patients with severe SAH in our hospital between Days 8 and 10 after SAH. Standard images contained an anteroposterior, a lateral, and at least one oblique view. Injection rates varied between 4 and 7 ml/sec (manual injection) at an imaging rate of 3 frames per second (within the arterial phase). All DSA images were analyzed by an experienced neuroradiologist (G.B.). The view showing the most severe M 1 segment narrowing was used for comparison with the TCCS images. All measurements were performed using the electronic calipers on the digital display station. The resolution of this method in distance measurement is 0.1 mm. Angiographic diagnosis of vasospasm was based on widely used criteria. [6] [7] [8] 10, 16, 23 To grade the extent of vasospasm, the point of maximum diameter reduction in the M 1 segment was compared with the undisturbed same vessel segment on the initial DS angiogram on the day of admission. Vasospasm was quantified as none, mild (≤ 25%), moderate (> 25% to 50%), or severe (> 50% vessel caliber reduction). For further analysis and comparison with TCCS findings, patients were placed into one of 2 groups: those with vasospasm and those without vasospasm. The second DSA study-performed for optimal vasospasm diagnosis-was used as the gold standard in this study for comparison analyses with the TCCS results. No intraarterial therapy for vasospasm was performed. TCCS was performed within 24 hours after DSA. The TCCS investigator and the neuroradiologist were blinded to results of the other method.
Statistical Analysis
All data are presented as the mean ± SD. The best cutoff values for all TCCS parameters (BFV of the MCA, and Lindegaard Index and AVI, both with V mean and PSV) for the detection of vasospasm were calculated using receiver operating characteristic (ROC) curve analysis. The ROC curve was constructed by graphing the sensitivity on the ordinate as a function of the false-positive rate (1 -specificity) (Fig. 3) . For all cutoff values, the PPV, negative predictive value (NPV), sensitivity, specificity, and overall accuracy were assessed. A p value < 0.05 was considered statistically significant. All statistics were calculated using IBM SPSS software (version 23, IBM Corp.).
Results
A total of 102 consecutive patients with aneurysmal SAH (age range 17-81 years, mean 52 ± 12 years; 68 female patients) were enrolled in the study. DSA performed on Days 8-10 revealed vasospasm of the M 1 segment in 48 patients (47%). Vasospasm was detected in 79 (39%) of 204 M 1 segments (40 in the right and 39 in the left segments).
BFV in the MCA was measured in all patients on both sides ( Figs. 1 and 2) . Assessment of the AVI was not possible in 11 cases (5%; on the right in 5 cases and on the left (Fig. 3) . Corresponding findings for the other parameters regarding the ideal cutoff were a Lindegaard Index > 3 and an AVI > 10 or > 12 using V mean or PSV, respectively. BFV in the basal vein of Rosenthal did not differ between patients with mild and severe vasospasm (V mean , 12 ± 4 vs 13 ± 4 cm/sec; PSV, 16 ± 4 vs 16 ± 6 cm/sec).
The sensitivity, specificity, PPV, NPV, and accuracy of TCCS to predict vasospasm according to the different analyzed parameters are summarized in Table 1 . The greatest accuracy was found for the combined assessment of BFV in the MCA and the AVI using V mean (88%), followed by the exclusive calculation of the AVI based on V mean (87%). No significant differences, however, were found regarding the diagnostic accuracy of the BFV in the MCA and the Lindegaard Index (both 84% based on V mean ).
Discussion
We assessed the ratio between intracranial arterial and venous BFVs assessed by TCCS as a new method to evaluate vasospasm after SAH in comparison with conventional Doppler criteria. The MCA and the basal vein of Rosenthal are probably the most appropriate vessels for calculating the AVI. Both vessels follow a stable anatomical course, hypoplasia or anatomical variants are very rare, the insonation rate is high, well-established reference values of BFV exist, and an angle correction is not necessary for reliable assessment of the BFV. 19, 21 In addition, vasospasm after SAH most often affects the MCA, the artery with the most reliable data regarding the Doppler-based analysis of vasospasm. 23 Furthermore, the comparison of TCCS findings and DSA as the gold standard provides the high reliability of our data. A significant increase in BFV in the MCA and a high Lindegaard Index are the main Doppler criteria for vasospasm after SAH. However, dynamic changes in BFV are caused not only by vasospasm. Other factors influencing cerebral perfusion, such as the hematocrit level, the arterial CO 2 content, intracranial pressure (ICP), and arterial blood pressure, might play an additional role. 5 Especially in patients with impaired cerebral autoregulation, systemic blood pressure changes directly affect the MCA BFV.
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This illustrates the difficulty in defining clear cutoff values for BFV that indicate the presence vasospasm with high specificity and sensitivity. In one study, increasing the threshold for vasospasm in the MCA from 140 cm/ sec to 220 cm/sec (PSV) improved the specificity from 63% to 99%, whereas the sensitivity decreased from 93% to 50%. 10 The low PPV for vasospasm in patients with BFV (V mean ) in the MCA between 120 and 199 cm/sec confirms the high percentage of false-positive findings. 23 Therefore, hyperperfusion alone or concomitant with vasospasm are relevant conditions in the differential diagnosis in patients with a mild to moderate increase in BFV, making additional Doppler criteria for vasospasm assessment desirable. Alternative parameters, such as the relative increase in BFV or differences in BFV between the left and right MCAs, might reveal a better correlation with symptomatic vasospasm, 12 although contrary results have also been reported. 23 A decline in the pulsatility index might predict symptomatic vasospasm, but it does not correlate with angiographic vasospasm. 15 In the original TCD study, the Lindegaard Index (the most common additional Doppler parameter) showed better agreement with angiographic spasm than the absolute BFV of the MCA. These findings, however, were challenged by subsequent studies. 23 Few data exist for which the reliability of the Lindegaard Index using TCCS and extracranial duplex sonography have been analyzed. An equivalent accuracy for angiographic detection of vasospasm was found for PSV measurements in the MCA and calculation of the Lindegaard Index. 6 Our study is important for 2 main reasons. First, regarding absolute BFV, our data confirm that a threshold of 120 cm/sec for the V mean and 200 cm/sec for the PSV provide the greatest accuracy for detecting vasospasm. 1, 3, 10, 15 Compared with a meta-analysis of 7 TCD ultrasonography studies using thresholds between 120 and 140 cm/sec for the V mean , the overall accuracy of our data are similar, showing a lower specificity but higher sensitivity. 9 This means that our study contains a relatively large number of patients with false-positive findings but very few patients with false-negative findings, indicating again the relevance of hyperperfusion. Indeed, the AVI provided an increase in specificity and PPV for vasospasm detection without worsening of sensitivity or NPV. Our results suggest that there is slightly greater accuracy of the AVI than the absolute BFV in the MCA. As assumed, the AVI might discriminate between vasospasm and hyperperfusion better than BFV in the MCA alone. However, the AVI in our study failed to reduce the rate of false-positive findings so that optimal results for the PPV and the specificity could be obtained. The additional assessment of a high AVI value might help to confirm suspected vasospasm, whereas a low AVI value might suggest that signs of concomitant hyperperfusion should be further examined.
The second main finding is the superiority of the AVI in comparison with the Lindegaard Index. The high failure rate of the Lindegaard Index in our study was caused by the difficulty to reliably assess BFV in the extracranial ICA using a linear-array transducer. Strict limitations of head rotation in combination with a central line in the internal jugular vein and plasters impeded sufficient access to the ICA with an accurate angle correction. Furthermore, the assessment of the Lindegaard Index is more complex because of the additional insonation in the neck region by a second ultrasound probe. The alternative idea to assess the BFV of the ICA using the smaller transcranial 2-MHz probe at the mandibular angle does not enable angle correction and to date has not been evaluated. On the other hand, the low failure rate of AVI assessment confirmed the stable anatomy and high detection rate of the basal vein of Rosenthal by TCCS. 19 Nevertheless, the direct comparison between the AVI and the Lindegaard Index of all successful investigations revealed a higher accuracy of the AVI.
Few data exist regarding intracranial venous BFV after SAH. There are 2 small observational TCCS studies that have analyzed intracranial venous hemodynamics after SAH with regard to the patient's clinical outcome. One study described a positive correlation between the BFV in the transverse sinus and ICP. This was interpreted as secondary blood pooling toward the larger venous vessels due to stasis within the bridging veins caused by the increased ICP. 13 A further increase in venous BFV occurs with the progressive compression of the venous system. The BFV in the basal vein of Rosenthal was not analyzed in this study, making a comparison with our results difficult. However, a significant increase in ICP can be ruled out in our patients, as all patients at high risk for critical ICP were monitored and treated using external ventricular drainage. Another study found a close relationship between BFV in the basal vein of Rosenthal and global CBF after SAH. The BFV in the MCA, however, correlated less significantly with the CBF. 11 Furthermore, patients with poor outcomes exhibited a decrease in BFV in the basal vein of Rosenthal during vasospasm, whereas a favorable outcome was associated with an increase in venous BFV. As patients with good clinical outcome after SAH tend to have higher cerebral perfusion, an increased venous BFV was interpreted to represent elevated CBF. These data indirectly support our assumption that hyperperfusion leads to decreases in the AVI, whereas vasospasm leads to an opposite effect. In this study, DSA was not performed during the critical time frame of vasospasm. In our study, the degree of vasospasm did not influence the venous BFV, supporting the assumption that the high AVI in patients with vasospasm is exclusively caused by the increased arterial BFV.
The relatively small number of patients (n = 102) investigated in our study naturally does not allow a concluding judgment regarding the value of the AVI, especially as some limitations must be discussed. We hypothesized an unchangeable diameter and cross-sectional area of the basal vein of Rosenthal and therefore a direct correlation between BFV and perfusion. A reduction in the venous vessel lumen during arterial vasospasm in patients with normal ICP has not been described in the literature. However, a passive increase in the vessel diameter due to the increased CBF cannot be ruled out. This might reduce the increase in BFV in the basal vein of Rosenthal during hyperperfusion, with negative consequences for the PPV and specificity of the AVI.
Another objection regarding the AVI might be that the basal vein of Rosenthal does not completely drain the blood from the MCA territory. Changes in BFV due to hyperperfusion, however, have a global character and are not restricted to the MCA territory.
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A further limitation of our study is the time interval of up to 24 hours between angiography and ultrasonography. The possibility cannot be completely excluded that changes in vessel diameters or changes in global cerebral perfusion occurred between the studies. Vasospasm detected by DSA within the critical phase generally lasts for at least several days, making false-negative TCCS results unlikely.
Finally, the AVI evaluated in our study refers only to vasospasm in the MCA. However, vasospasm in the MCA normally has a greater clinical significance, and its assessment by TCCS is more reliable than assessment by TCCS in other basal cerebral arteries. The direct comparison with the Lindegaard Index was another reason to focus on vasospasm of the MCA.
Conclusions
We have proposed and evaluated a new diagnostic parameter for vasospasm analysis with ultrasonography. The AVI seems to be a reliable approach in addition to assessment of absolute BFV in the MCA to improve the diagnostic accuracy of TCCS. Furthermore, the AVI showed better practicability and a greater reliability than the established Lindegaard Index and might replace the latter in the assessment of vasospasm using TCCS.
